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Introduction: 
In December 11, 1997 we were awarded a $25 K, contract for nine months starting Jan. 

1, 1998. During this period we carried out some fundamental work on the deformation 
mechanism of Ti3SiC at the transmission and high-resolution transmission electron microscopic 
level. Two refereed publications resulted from this work [1,2]. Our main findings are described 

below. ^_—.    __    
The dislocation structure of a typical low angle boundary associated with a kink band in 
a sample of Ti3SiC2 deformed at room temperature was studied by HRTEM [1]. The 
boundary had both tilt and twist components. To account for both, the boundary was 
interpreted to be composed of parallel, alternating, mixed perfect dislocations with two 
different Burger's vectors lying in the basal plane at an angle of 120° relative to one 
another. The boundary twist was provided by having an excess of one type of 
dislocation. This hitherto unreported structure of a low-angleboundary is attributedtON 
the fact that all dislocations are confined to tb^^basaTplane^Thlspaper was publisher 
In^hllc^pTuSaTMagazine Letters in 1999; a"cöpy of whichls attached. 

TEM of aligned macro-grained samples of Ti3SiC2, deformed at room temperature, shows that 
the deformed microstructure is characterized by a high density of perfect basal plane dislocations 

with Burgers vector 1/3<112 0>. The dislocations are overwhelmingly arranged either in arrays, 
wherein the dislocations exist on identical slip planes, or in dislocations walls, wherein the same 
dislocations form a low angle grain boundary normal to the basal planes. The arrays propagate 
across entire grains and are responsible for deformation by shear/The wails lorm as a result ol 
 thlfformation of kink bands. A dislocation-based model, that builds on earlier ideas proposed for 

kink band formation in hexagonal metallic single crystals, is presented that explains most of the 
microstructural features. The basic elements of the model are: shear deformation by dislocation 
arrays, cavitation, creation of dislocation walls and kink boundaries, buckling and delamination. 
The delaminations are not random, but successively bisect the delaminating sections. The 
delaminations and associated damage are contained by the kink boundaries. This containment of 
damage is believed to play a major role in endowing Ti3SiC2, and by extension related ternary 
carbides and nitrides, with their damage tolerant properties. This dislocation-based model that 
goes a long way in explaining the mechanical response of Ti3SiC2especially in 
compression. This paper was published in Metallurgical and Materials Transactions in 
July 1999. A reprint of the paper is attached to this final report. 
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ABSTRACT 
The dislocation structure of a typical low-angle boundary associated with a 

kink band in a sample of Ti,SiC: deformed at room temperature was studied by 
high-resolution transmission electron microscopy. The boundary had both tilt 
and twist components. To account for both, the boundary was interpreted to 
be composed of parallel alternating mixed perfect dislocations with two 
different Burgers vectors lying in the basal plane at an angle of 120" relative to 
one another. The boundary twist was provided by having an excess of one type of 
dislocation. This hitherto unreported structure of a low-angle boundary is 
attributed to the fact that all dislocations are confined to the basal planes. 

§ 1. INTRODUCTION 

Recently we have shown that large-grained oriented polycrystalline samples of 
(hexagonal) Ti3SiC2 loaded in compression at room temperature deformed plasti- 
cally, by a combination of delamination of individual grains, shear and kink band 
formation (Barsoum and El-Raghy 1998). Transmission electron microscopy of the 
undeformed and deformed samples revealed that the vast majority of dislocations 
were perfect, of b = ±(1120) type, lying in the basal planes (Farber et cd. 1998). 
Furthermore, these basal plane dislocations were mobile and multiplied as a result 
of the room-temperature deformation. All the stacking faults observed also lay in the 
basal planes. Since the basal interatomic vector in Ti3SiC2 is by far the shortest full 
translation vector in this structure, no other perfect dislocations are likely and none 
is observed. 

The formation of kink bands in crystalline solids is a rather uncommon mode of 
deformation. It was first proposed by Orowan (1942) to account for the sudden and 
peculiar kinks observed upon the deformation of single-crystal wires of zinc or 
cadmium loaded parallel to their basal or slip planes. In ceramics, kink bands 
have been reported for SiC single-crystals compressed parallel to their basal or 
slip planes at 1500=C (Suematsu, et al. 1991). 

Hess and Barrett (1949) proposed a dislocation-based model to explain kink 
band formation, wherein the kink boundaries are formed by the generation of 
pairs of edge dislocations of opposite signs that move in opposite directions. To 
form kink bands, the dislocation pairs must form on many parallel, regularly spaced 
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slip planes, a small number of atomic spacings apart. They also noted that kinking 
should be more prevalent in hexagonal metals and alloys having an axial c/u ratio 
greater than 1.732: otherwise the material could accommodate the stress by twin- 
ning. The c/a ratio in Ti3SiC2 is 5.76 and it is thus not surprising that it is susceptible 
to kinking. Later. Frank and Stroh (1952) detailed how a thin elliptical kink could 
nucleate and grow, almost perpendicular to the basal planes, by the generation of 
dislocation pairs at the tip of the kink, when the applied shear stress exceeded some 
critical value. Both models assumed the kink boundaries to be composed of edge 
dislocations. 

Because it is only recently that Ti-,SiC2 has been available in dense pure bulk 
form (Barsoum and El-Raghy 1996). little is known about the atomistics of its 
deformation mechanisms. The goal of this contribution is to analyse by high- 
resolution transmission electron microscopy (HRTEM) the dislocation structure of a 
low-angle kink boundary, formed as a result of plastic deformation. 

§ 2. EXPERIMENTAL DETAILS 

This work was carried out on large-grained oriented samples of Ti,SiC2 that 
were deformed in compression at room temperature. Details of the synthesis and 
processing of the specimens can be found elsewhere (Barsoum and El-Raghy 1998). 
The final microstructure is one in which oriented macrograins (1-4 mm in length 
with aspect ratios of 2CMW) are arranged in a chevron pattern. Specimens with 
dimensions 2 mm x 2 mm x 4 mm were deformed at room temperature by compres- 
sion in an Instron testing machine at a strain rate of 2.5 x 10"  s" . 

The specimens for the HRTEM study were prepared by conventional polishing 
and dimpling, followed by ion thinning in a Gatan precision ion-polishing system. A 
JEOL 3010-UHR microscope, with point-to-point resolution of 1.7 A'and informa- 
tion limit of about 1.4 A operated at 300 keV. was used for structural imaging. The 
phase-contrast analysis was made in terms of geometrical distortions only, without 
any attempt to interpret the contrast in terms of atomistic structure. The images were 
recorded with a Gatan charge-coupled device camera and analysed using commercial 
Gatan software. The diffraction contrast experiments were performed on a Phillips 
EM-430 microscope operated at 200 keV. 

§ 3. RESULTS AND DISCUSSION 

A bright-field image of the area containing a typical kink band is shown in figure 
1 (a). The band, indicated by the arrows, is aligned parallel to the beam direction. A 
HRTEM image of the same boundary is shown in figure 1 (h). The fast Fourier 
transform of the same image filtered in the 1120-type reflections is shown in figure 
1 (c). This figure clearly shows that the boundary is composed of dislocations which 
in this [1100] projection appear as edge dislocations with a Burgers vector 
^obs = d\\2o — 1 -54 A. The mean distance y between dislocations in the boundary 
is about 6.2 A. from which the tilt angle o fe 15 is easily calculable. Segments of the 
crystal on both sides of the boundary are oriented with their (1100) zone axes 
approximately parallel to the beam direction. The misorientation between the two 
parts of the crystal can be described by a combination of a tilt Q = 15° about the 
(1 TOO) direction and a twist r = 2 normal to the boundary which is parallel to the 
(1120) direction (figure 2(a)). 

Interestingly enough, and as shown in figure 2(b), the bobs value of 1.54 A does 
not correspond to either perfect (b,, b2 and b3) or partial (bpl, bp2 and bp3) Burgers 
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Figure !. («) Bright-field image of the area containing a kink band, (b) Structural image of 
the part of the boundary indicated by arrows in {a). The boundary plane is oriented 
parallel to the electron beam direction. (<•) The same structural image filtered in 1120- 
type reflections using fast Fourier transform. An example of the Burgers circuit drawn 
around one of the dislocations is shown by the rectangle: the termination of the extra 
plane is indicated by the arrow. The locations of all other dislocations are designated by 
the symbol 1. 
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1(c) 

vectors in Ti3SiC2. Consequently. bops must be a projection on to the (1120) 
direction of either perfect (b: or b3) or partial (bp2 or bp3) dislocations. 
However, if bobs were a projection of a partial, it should be bound by a basal- 
plane stacking fault. However, neither phase nor diffraction contrast revealed any 
stacking faults. Thus. bobs must be a projection of perfect mixed dislocations b2 or 
b,. with an angle 0 = 30' between its Burgers vector and the dislocation line 
(fmure 2(b)). 

<0001> 

(«) 
<1120> 

<1100> 

Figure 2. (a) Schematic representation of the misorientation between two parts of the crystal 
on both sides of the boundary, (b) Schematic representation of the [0001] projection 
showing the dislocation line, and projections of observed and possible Burgers vectors. 
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Based on the foregoing discussion, both the image and the misorientation 
between the two parts of the crystal can be explained if we assume that the boundary 
is composed of alternating parallel mixed dislocations with Burgers vectors b2 and 
b,. We propose that, in such a configuration, the edge components of the disloca- 
tions provide the tilt, whereas the twist is accommodated by the difference in number 
of these mixed dislocations (figure 3(c)). 

To estimate the stability of the walls composed of mixed dislocations with 
0 = 30 . consider the elastic forces acting on the dislocations. The Burgers vector 
of a mixed dislocation can be expressed as the vector sum of the edge and screw 
components: 

b = b,+ bs. (1) 

where bc is normal to, and bs is parallel to. the dislocation line. Since the basal plane 
is the only slip plane in this structure, the force Fx which acts on a mixed dislocation 
in the basal plane in a direction normal to the dislocation line can be calculated. For 
two parallel dislocations, this force is the sum of the force £vedge between their edge 
components and the force Fx screw between their screw components 

' .v .vcdec ~>   ■'.v screw \^-J 
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The absolute values of these forces are given by 

.v(.v: - i- 
/eda.'! 

losere»!  = 

fi(h sin er 
2TT(1 - -;/) 

fi(h cos of .V 

IK A- + V- 

(}(l) 

(3/>) 

«here r is the distance between the two slip planes containing the dislocations, .v is 
the distance measured along the slip direction. /; is the shear modulus and v is 
Poisson's ratio (Cottrell 1953). For the screw components, the force is attractive, 
when they have opposite signs. For the edge components, the force is attractive when 

thev have the same sign provided that .v < v. 
Accordim: to figure 1 (<•). the edge components of all the dislocations have the 

same si sin. Thus. F^cd„, is always attractive for .v < r. The sign of the screw compo- 
nents, on the other hand, cannot be determined from the experimental results. They 
can be envisaged, however, as arranged in one of two limiting configurations: the 
Ncrew components of all the dislocations have the same sign (figure 3 (</)). or neigh- 
bouring dislocations have screw components of opposite sign (figure 3 (/>)). The 
stabilitv of each of these two configurations is considered below. 

(a)     1® (b)   1® 'c,i® 

■»€> ->-© J-® 

■ks> -Kj) ■Ka) 

■x§> J-® -ks) 

J<2> Jks> -L© 

■ks> J-© J® 

"error" 

!<•) b3 mixed dislocation 

JL© b2 mixed dislocation 

<0001> 

<1120> 

®<iToo> 

© <Tioo> 

Figure 1 Possible arrangements of mixed dislocations b: and b, in a dislocation wall: («) 
screw components are in the same direction; (b) alternating screw components; (<•) same 
as (/>). but showing a stacking error in the screw component. Configuration («) is 
unstable, whereas (/>) and (<) are stable. 
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According to equation (3«) and (3 />), for two parallel dislocations with 0 = 30 
lying in different basal planes, the following inequality is valid for any .v and v: 

I Fx edge I < I ^.v screw I- (4) 

that is interaction between the screw components is stronger than that between the 
edge components. Thus, if the screw components of two parallel mixed dislocations 
with 0 = 30 have the same sign, repulsion will prevail and the configuration shown 
in figure 3 (a) is unstable. Conversely, when the screw components of neichbourine 
dislocations alternate (figure 3(h)). the configuration is stable. 

The configuration shown in figure 3 (/?). however, cannot account for the 2 twist 
observed since the numbers of each type of dislocations are equal. It is only by 
having an excess of dislocations of either type that the twist can be accounted" for. 
The twist angle r is given by 

where rs is the average distance between the excess dislocations of one sisn. The 
relative number A' of the excess dislocations can be evaluated as follows: 

»'s     b, o 

From the experimental data, substituting bs = b cos 30 . bc = b sin 30 . o = 15 
and i- = 2 . one obtains A' % 13. In other words, an error in the b./b, sequence 
occurs, on average, once every 13 dislocations. As noted above, for laree A' the 
wall is stable. As N goes to unity (i.e. figure 3(a)). the wall becomes unstable At 
some intermediate A', the wall becomes critically stable. Usin« equations (2) (3a) 
and Oh), the force on the excess dislocations in a wall can be calculated For 
example, it can be shown that any wall with A' ^ 6 (figure 3(c)) is stable. This 
implies that the experimentally determined twist, for which A' % 13. is also a stable 
configuration. 

Several attempts to prove directly the presence of the alternating sequence of 
mixed dislocations in the wall by diffraction-contrast analysis in unconventional 
transmission electron microscope were unsuccessful: separate dislocations within 
the wall could not be resolved, obviously owing to the small mean interdislocation 
distance (0.62 nm). 

Generally, in metals, twist is usually accommodated by the formation of a 
crossed grid of screw dislocations. Such an arrangement, however, is not possible 
for the boundary considered since the vast majority of dislocations in Ti,SiC\ are 
perfect and lie in the basal plane (Farber et al. 1998). 
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Dislocations, Kink Bands, and Room-Temperature Plasticity 
of Ti3SiC2 

M.W. BARSOUM, L. FÄRBER, and T. El-RAGHY 

Transmission electron microscopy (TEM) of aligned, macrograined samples of
u
TifjC-\fef°™e

rl^ 
room temperature, shows that the deformed microstructurejs characterized by a high density ot perrec 
basal-plane dislocations with a Burgers vector of 1/3<112 0). The dislocations are overwhelmingly 
arranged either in arrays, wherein the dislocations exist on identical slip planes, or in dislocations 
walls, wherein the same dislocations form a low-angle gram boundary normal to the basal planes 
The arrays propagate across entire grains and are responsible for deformation by shear. The waUs 
form as a result of the formation of kink bands. A dislocation-based model that builds on earlier 
ideas proposed for kink-band formation in hexagonal metallic single crysta s, is P^iwh ch 
explains most of the microstructural features. The basic elements of the model are shear delation 
by dislocation arrays, cavitation, creation of dislocation walls and kink boundaries, buckling and 
dLrmnadon The de animations are not random, but successively bisect the dominating sections 
Thelhminations and associated damage are contained by the kink boundaries. This containment 
of damaTSbelieved to play a major role in endowing Ti3SiC2 and, by extension, related ternary 
carbidesmd nitrides with their damage-tolerant properties. 

I.   INTRODUCTION 

RECENTLY, we reported on the fabrication and charac- 
terization of the ternary compound T^SiC,.11-51 This com- 
pound is a layered hexagonal material in which almost close- 
packed planes of Ti are separated from each other by hexago- 
nal nets of Si: every fourth layer is a Si layer. The C atoms 
occupy the octahedral sites between the Ti layers. This com- 
pound combines an unusual set of properties. Like metals, it 
is a good electric and thermal conductor, readily machinable, 
relatively soft (with a Vickers hardness of 4 GPa), and highly 
thermal-shock resistant. Above 1200 °C, the material 
deforms in a pseudoplastic manner, with significant ductility. 
At 1300 °C. its "yield" stresses in flexure and compression 
are 100 and 500 MPa, respectively. Like ceramics, it is 
elastically rigid, oxidation resistant,131 and stable to at least 
1700 °C in inert atmospheres and in vacuum.121 

Basal-plane dislocation arrays of limited extent are 
observed in undeformed Ti3SiC2 samples.161 However, room- 
temperature deformation significantly increases their extent, 
indicating that dislocations multiply and are mobile at room 
temperature. The arrays are composed of perfectbasal-plane 
dislocations with a Burgers vector of 1/3 (112 0). A key 
characteristic of the Ti3SiC2 structure, the appreciation of 
which is important in understanding the atomistics of its 
mechanical properties, is that the basal interatomic vector 
is by far the shortest full translation vector in this structure. 
Thus, nonbasal dislocations are very unlikely, and, indeed, 
none are observed. 

Oriented coarse-grained (1 to 3 mm) polycrystalline sam- 
ples of Ti3SiC2, loaded in compression at room temperature, 
deform plastically.151 When the basal planes are oriented 

M.W. BARSOUM, Professor, L. FÄRBER, Postdoctoral Fellow, and T. 
EL-RAGHY. Research Assistant Professor, are with the Department of 
Materials Engineering. Drexel University. Philadelphia. PA 19104. 

Manuscript submitted November 3, 1998. 

favorably to the applied stress, substantial (>20 pet) defor- 
mation occurs by shearing along those planes. When the 
basal planes are parallel to the applied load, deformation 
occurs by a combination of delamination of individual grains 
and the formation of shear and kink bands. The buckling 
and kink-band formation initiates at the corners of the 
cubic samples.151 

Kink-band formation has been invoked to explain the 
deformation of numerous materials and structures such as 
highly constrained rocks,'71 organic crystals,181 card decks,191 

rubber laminates.1101 oriented polymer fibers,1"-151 wood,1161 

graphite fibers,1'7181 and laminated C-C and C-epoxy com- 
posites,'1920'211 among others. The formation of kink bands 
in crystalline solids, however, is an uncommon deformation 
mechanism. As first reported by Orowan,1221 kink-band for- 
mation is a deformation mode typically observed in hexago- 
nal metals such as zinc and cadmium. Typically, single- 
crystal rods with the c-axis almost parallel to the rod axis 
undergo local collapse under compression to form a kink. 
Kinking is predicted in hexagonal metals and alloys having 
an axial da ratio greater than 1.732; i.e., in metals wherein 
twinning is unlikely.1231 With a cla ratio of 5.76, it is not 
surprising that Ti3SiC2 is susceptible to kinking. This mode 
of deformation was also observed in hexagonal boron 
nitride1241 and SiC single crystals deformed at temperatures 
(>1500 °C) above which the dislocations are mobile.1251 

Orowan proposed that kink bands develop by a special 
mechanism in which glide lamellae of uniform thickness 
snap abruptly to a tilted position. He concluded that kink 
boundaries consist of planes which bisect the angle between 
the glide planes on either side of them, and along which the 
dislocations are concentrated.1221 Later, Hess and Barrett1231 

proposed a model to explain the formation of these kink 
bands by the regular glide of dislocations. The major ele- 
ments of this model are summarized schematically in Figures 
1(a) through (c). Initially, and upon loading, elastic bending 
(Figure 1(a)) creates a maximum shear stress at two sections 
of the column (Figure 1(b)). Above a critical value, this 
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Fig. I—Scheme of kink-band formation (a) through (d) from Ref. 23 and 
(e) through (/;) from Ref. 26: in) elastic buckling, (b) corresponding shear 
diagram, and (<■) initiation of pairs of dislocations in areas of maximum 
shear, (d) Kink band and kink boundaries comprised of edge dislocations 
of one sign giving rise to the classic stove-pipe shape, (e) Initiation of kink 
band at tip of narrow kink. T. (/) Intersection of T with free surface, 
removes the attractive energy between the walls and allows them to separate 
and move in opposite directions, (g) and (h) Repetition of same process 
to create more dislocation walls. 

(a) 

(b) 

(c) 

Fig. 2—(a) through (c) Nucleation of a crack normal to a dislocation wall 
when the latter is subjected to a shear stress.127' 

shear stress is sufficient to create, within the volume that is 
to become the band, pairs of dislocations of opposite sign 
that move in opposite directions (Figure 1(c)). The end result 
is two regions of severe lattice curvature, separated from 
each other and from the unkinked crystal by well-defined 
kink planes (BC and DE in Figure 1(d)). These kink planes 
or boundaries have an excess of edge dislocations of one 
sign, which, in turn, are responsible for the lattice rota- 
tions observed.|231 

And, whereas Hess and Barrett did not elaborate on the 
specific mechanism for the formation of the dislocations 
walls, Frank and Stroh did.'261 In their model, pairs of disloca- 
tions of opposite sign nucleate and grow at the tip of a thin 
elliptical kink (labeled T in Figure 1(e)) when the applied 
shear stress exceeds some critical value. As long as the pair 
of dislocation walls are within the crystal or grain, they are 
attracted to each other, but are held apart by the external 
stress (Figure 1(e)). The strong attraction disappears, how- 
ever, when the walls extend to the free surface, at which 
point the dislocation walls become parallel planes (Figure 
1(f)). The minimum value of lattice rotation that will allow 
the dislocation wall to grow via the mechanism they propose 
is about 3 deg for metals. A continuing stress should then 
force the walls apart. The process of wall formation can then 
be repeated at the same source, resulting in the generation of 

new dislocation walls (Figures 1(g) and (h)). If the compo- 
nent dislocations in successive walls are not on the same 
slip plane, the walls could unite or collapse, forming a kink 
plane or boundary. The collapse does not occur simultane- 
ously along the whole wall but sequentially, starting at one 
end of the kink boundary and moving to the other end, as 
shown schematically in Figure 1(h). 

The formation of kink boundaries is, thus, explained by 
the accumulation of several walls in a relatively thin region. 
Hess and Barrett also suggested that the first wall can be 
stopped by some defect, resulting in an accumulation of 
walls near this defect. Alternatively, as proposed by Frank 
and Stroh, since each wall has a different angle to the external 
load, as a result of successive changes of lattice direction 
(Figure 1 (h)), the increase in the shear stress for each 
successive wall formed may result in their moving faster, 
leading to their accumulation. 

The dislocation wall extending across a grain is a low- 
energy configuration (Figure 2(a)). However, if, for some 
reason, the dislocation wall is forced to divide (Figure 2(b)), 
Stroh1271 has shown that the magnitude of the stress between 
the ends can be high enough to open a crack of limited 
length propagating normal to the wall, as shown in Figure 
2(c). Such cracks were observed in kinked regions of SiC 
single crystals deformed at high temperature1251 and in h- 
BN.1241 
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At present, the atomistic details of the deformation mecha- 
nisms that are operative in Ti3SiC2 are unknown. The goal 
of this work is to shed some light on these mechanisms 
by carrying out a transmission electron microscopy (TEM) 
characterization of the line-defects structure present in room- 
temperature-deformed samples of Ti3SiC2. 

n.    EXPERIMENTAL PROCEDURE 

The fabrication procedure for the material has been 
described in detail elsewhere.'51 In short, titanium (99.99 
pet, -325 mesh, supplied by Alta Group, (Arvada, CO)), SiC 
(99.7 pet, d„, = 4 fim, supplied by Performance Ceramics 
(Peninsula. OH)), and C powders (99 pet, dm = 1 /mi, 
supplied by Aldrich (Milwaukee, WI)) were weighed and 
dry mixed in a V-blender (Patterson-Kelly Co. (East 
Stroudsburg. PA)) for 2 hours to yield the Ti3SiC2 stoichiom- 
etry. Oriented coarse-grained (2 to 3 mm) polycrystalline 
samples were fabricated via a hot forging operation in a 
channel die. followed by a 1600 °C, 24-hour anneal, during 
which the grains, which were oriented during the forging 
operation, grew significantly.'5' 

Small cubes were machined and deformed under compres- 
sion at room temperature as a function of orientation. The 
details on the mechanical testing are given in Reference 5. 
For this work, a specimen was deformed at a strain rate of 
0.05 s"' in the direction for which the basal planes of most 
grains were at angle of 25 deg to the loading direction. 
Clear, unambiguous evidence for the formation of a thin 
deformation shear band, parallel to the basal planes, was 
observed by optical microscopy. For TEM characterization 
of the deformed material, sections were taken so that the 
plane of the TEM sample was normal to the basal plane and 
contained the load axes. 

Thin foils for TEM were prepared by slicing 200-mm- 
thick sections, followed by thinning and polishing by the 
Gatan Dimple Grinder (Model 656) and ion milling at 5 kV/ 
20 mA by the Gatan Precision Ion Polishing System (Model 
691). Microstructural observation was performed using a 
JEOL* 100CX2 transmission electron microscope operated 

*JEOL is a trademark of Japan Electron Optics Ltd.. Tokyo, 

at 100 kV. 

HI.    RESULTS 

Scanning electron microscopy (SEM) of the deformed 
material showed that, in agreement with previous work,'51 

the deformation is confined to narrow bands containing kink 
bands, cracks, and delaminated grains. Some lamellas within 
individual grains were buckled. The TEM observations also 
show that the dislocation density in the deformed material 
is significantly higher than that in the undeformed material, 
in'agreement with previous work.'61 Tilting and contrast 
analysis confirm that all_dislocations are basal, with Burgers 
vectors of b = 1/3(112 0}. 

The dislocations can be categorized, according to their 
association with other dislocations, as belonging to either 
arrays that are parallel to, or dislocations walls that are 
normal to, the basal planes. Single dislocations are scarce. 
A kink boundary is defined here as a narrow (typically <50 
nm) region between two misoriented regions of a single 

Fig. 3—Bright-field image of an area containing dislocation arrays. The 
specimen is close to the orientation where basal planes are in an edge- 
on position 

grain. It is assumed to contain multiple walls that are either 
closely spaced or have collapsed. Each type of arrangement 
is described subsequently in more detail. 

A. Basal-Plane Arrays (Figure 3) 

This arrangement, wherein the dislocations all lie in the 
same basal slip plane, is the most common feature found in 
various regions of the deformed specimen and can be seen 
in most of the micrographs shown herein. Typical examples 
are shown in Figure 3. In agreement with previous results,'6' 
most of the arrays propagate through the whole transparent 
field of view and, thus, presumably propagate across the 
entire grain. Within an array, the dislocations are parallel 
and more or less equidistant. Tilting of the grains so that 
the basal planes are in an edge-on position shows that the 
dislocations within an array propagate on the identical 
slip plane. 

Some arrays are more "dense" than others. In many grains, 
the dense arrays are spaced more or less equidistantly, with 
several less-dense arrays interspersed between them, as 
shown in Figure 3. The distances between the dislocations 
within an array range from 20 to 200 nm. The distances 
between dense arrays typically range from 100 to 500 nm. 
The denser arrays with smaller interdislocation distances are 
usually spaced more closely. In several cases, two closely 
spaced dense arrays are observed at a position where a single 
dense array could be expected. The dislocation density in 
regions containing arrays, such as that shown in Figure 
3, is about 1010 cm-2. Contrast analysis reveals that the arrays 
are composed of identical, perfect mixed basal dislocations. 

B. Dislocation Walls 

In this arrangement, the dislocations are parallel and posi- 
tioned in different basal planes, one under another, so that 
the whole arrangement is normal to the basal planes and 
constitutes a low-angle boundary (Figure 4(a)). Contrast 
analysis (Figures 4(b) and (c)) reveals that the wall is com- 
posed of edge and mixed dislocations. 

As clearly documented in Figures 6 through 8, the vast 
majority of dislocation walls are observed within kink bands 
and bent regions, as well as at the tips of most, if not all, 
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Fig 4—(a) Dislocation wall; dislocations are parallel and positioned in different basal planes one under another, (b) Same area as white square in (a), but 
atliigher magnification (imaged in g (336 0». (c) Weak beam image of the same area as in (b), but tilted and imaged in g of (33 00). Dislocations that 
become invisible in (c) are perfect edge dislocation; those that remain visible are mixed dislocations. 

delamination cracks. Furthermore, all the walls observed in 
this work are found to terminate at either free surfaces or 
dislocation arrays. Typically, the interdislocation distances 
within the walls do not exceed 15 nm. 

An example of a collection of dislocation walls which 

constitute a kink boundary is shown in Figure 5. The misori- 
entation provided by this kink boundary between two parts 
of a crystal is a combination of an «14-deg tilt aroundjhe 
<ll 00) direction and an «1.6-deg twist around the (112 0) 
direction, i.e., around the direction normal to the boundary. 
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Fig. 5—Bright-field image of a kink boundary showing that it is composed 
of dislocation walls (indicated by arrows). 

Within the walls, indicated by arrows in Figure 5, the disloca- 
tions are well resolved. The separation between the walls 
decreases toward the center of the curvature (i.e., to the left), 
so that, at some point, the walls practically converge (not 
shown). Imaging in 0008-type reflections has shown that 
the walls within the boundary provide a sequential lattice 
misorientation. 

Fully separated walls are usually observed in bent, delami- 
nated regions of the specimen. A typical example is shown 
in Figure 6(a). which shows a bent region that is delaminated 
in three slices (designated as Si through S3) and contains 
dislocation walls and arrays. A selected-area diffraction 
(SAD) of the region where the basal planes are close to the 
edge-on position and where the transmitted beam is close 
to a (ll 00) direction is shown in Figure 6(b). The SAD 
demonstrates that there is a lattice rotation around the (11 
00) axes, i.e., normal to the plane of Figure 6(b). Dark-tilt 
imaging with 0008 reflections shows that the rotation is 
sequential and is provided by the walls: each section is 
bound by two dislocation walls and is tilted at some small 
(2 to 4 deg) angle to neighboring domains. In addition to 
the tilt around the (ll 00)-type direction, the walls provide 
a sequential twist around the (112 0) direction. 

A schematic of the same area is shown in Figure 6(c). 
The dislocation walls (designated by the letter W) propagate 
normal to the basal planes across each slice. Arrays (desig- 
nated by the letter A) propagate along the basal planes, 
through the bend, and into the adjacent matrix regions (this 
is not very clear in Figure 6(a), but is clearly seen in the 
TEM upon tilting). Tilting does not reveal other dislocations. 
The walls are well separated and spaced more or less equidis- 
tantly. The interdislocation distance within the walls is con- 
siderably smaller than that in the arrays. 

C. Kink Bands 
A typical example of a region containing two closely 

spaced, oppositely oriented kink bands is shown in Figure 

7(a), for which a schematic, where the projection of the 
basal planes are reproduced, is shown in Figure 7(b). In 
each kink band, the lattice is misoriented relative to neigh- 
boring areas. The changes in lattice orientation occur mostly 
at the kink boundaries. Typically, the misorientation pro- 
vided by these kink boundaries can be described by a combi- 
nation of a tilt around the (11 00) direction and a twist 
around the_direction normal to the boundary, which is parallel 
to the (112 0) direction. The basal planes are close to the 
edge-on orientation, and the ones containing dislocation 
arrays are seen as fine lines in Figure 7(a). Generally, the 
tilt across kink bands observed in this study varied from 
= 12 to 60 deg, while the twist varied from =0.5 to 12 deg. 
Figure 7(a) shows two kink bands near the edges of the tilt 
spectrum; the top kink band is tilted by =15 deg and the 
bottom by =47 deg (Figure 7(b)). Typically, separate dislo- 
cation walls are only resolvable within the kink boundaries 
when the misorientation is small (<12 to 17 deg.) 

Two types of cracks associated with the kink bands are 
observed: delamination and cracks along kink boundaries. 
By far the more important and prevalent are the delamination 
cracks. These cracks are always associated with kink bands. 
The delamination cracks also occur along the basal planes 
near or at dense dislocation arrays. 

The delamination cracks are triangular in shape, with 
the obtuse angles at the kink boundaries and the acute 
angles propagating into the material on both sides of the 
boundary. The sizes and asymmetries of the delamination 
cracks varied (Figure 8). The larger cracks are typically 
asymmetric, with the longer part typically propagating into 
the kink band. Some of these cracks propagate across the 
entire kink band, i.e., from kink boundary to kink boundary. 
The ends of the delamination cracks are typically bound at 
one side by the original kink boundary, which is dislodged 
parallel to the basal planes and outward relative to the kink 
bands. The other side propagates into the kink band and 
is typically bound by a single dislocation wall (Figures 
8(a) and (d)). 

Another example of delamination associated with kink 
boundaries is shown in Figure 8(b). In this figure, the kink 
boundary provides a misorientation of =16 deg and is 
composed of several dislocation walls (not resolved at the 
magnification shown, but well resolved at higher magnifi- 
cation). The overall shape of the crack and accompanying 
kink band is in good agreement with the scheme shown in 
Figures 2(c), i.e., the kink boundary terminates at the obtuse 
angle and continues from one of the acute angles. The right 
end of the delamination crack shown in Figure 8(b) is bound 
by a single dislocation wall (not visible in this micrograph). 

Yet another example of a delamination crack is shown 
in Figure 8(c). Here, a sliver of the material (denoted by 
S) adjacent to the obtuse angle of the crack near the kink 
boundary is delaminated and buckles in a direction opposite 
to that of the initial kink boundary (L). 

In addition to the aforementioned delamination cracks, 
other much less frequently observed cracks that run along 
a kink boundary (denoted by the letter R in Figure 8(d)) 
are observed. These cracks are only observed at boundaries 
where the misorientation is high, typically, more than 50 
deg. These cracks propagate at the obtuse angle of the 
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Fig. 6—(«i Bright-field image of a bent region delaminated in three slices S, through S-, and containing separated walls_and arrays, (b) Selected area 
diffraction from the same region, but tilted to an edge-on position for the basal planes demonstrating lattice rotation around (11 00) directions, (c) Schematic 
of S^ showin« walls <\V> and arrays (Al. 

delamination cracks described previously and run parallel 
to the kink boundary. 

IV.    PROPOSED MODEL 

Based on the foregoing results, we propose the following 
sequence of events to explain most of our experimental 
observations. The evidence is discussed in detail in the next 
section V. Consider the two adjacent grains, labeled S and 
P in Figure 9(a). subjected to a vertical load. The basal 
planes in grain S are aligned such that the resolved shear 
stress in the basal planes is nonzero. The basal planes in 
grain P, on the other hand, are parallel to the applied load. 
In this figure, the solid-gray area of width W is the section 
of grain P that buckles. 

A. Arrays and Shear Deformation 

When the resolved shear stress exceeds the critical value 
in grain S, it will deform by shear toward the lower left in 

Figure 9(a). This shear will be accommodated by the forma- 
tion of dislocation arrays. The critical resolved shear stress 
in Ti,SiC2 at room temperature is estimated to be 36 MPa.151 

Grain P will not deform initially. The shear of grain S away 
from P, however, will create a cavity at the grain boundary 
between the two grains, as shown schematically in Figure 
9(b). 

B. Cavitation and the Initiation of Buckling 

As a consequence of the formation of the cavity, the 
shaded volume will tend to relax, first elastically and then 
plastically, into that cavity. The plastic deformation is ini- 
tially accommodated by the formation of dislocation arrays 
(parallel to the basal planes) that extend across the whole 
grain, as a direct result of the shear stresses between the 
shaded area and the remainder of the grain (Figure 9(b)). 
The change in shape can also be accommodated by the 
generation of dislocation walls normal to the applied load. 
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Pi„. 7—(o) Bright-field image of and (b) schematic of a region containing 
twxi adjacent kink bands denoted as i and ii. The crystal is close to the 
edge-on position for the basa! planes. The numbers show the measured 
rotation angles between the blocks of the crystal around (11 00) directions 
provided, mostly, by the kink boundaries. 

These are depicted in Figure 9(b) as short horizontal lines 
within the shaded area. 

C. Kink-Band Formation 

Upon further loading, the shaded volume will, depending 
on its exact geometry relative to the location of the cavity 
and the local state of stress, plastically buckle into the void. 
Where along the length (L) of the lamella the shear is maxi- 
mum depends on many factors, such as the length-to-width 
ratio of the buckling section, the location of the constraints 
relative to L, and the symmetry of the loading environment, 
among others.1231 For example, in Figure 1(a), the maximum 
shear is assumed to occur at L/4 and 3L/4. Regardless of 
the exact locations of the areas of maximum shear, the forma- 
tion of shear bands requires that dislocation pairs be emitted 
from the center of what is to become the kink band and move 
in opposite directions.123' This is a fundamental distinction 
between deformation by shear and kink-band formation. For 
the sake of simplicity, the locations of maximum shear were 
chosen to be the areas labeled X and Y in Figure 9(b). It is 
the emission of dislocation walls of opposite sign from these 

locations that ultimately results in two kink bands, BC and 
DF, shown in Figure 9(c), or, equivalently, BC and DE, 
shown in Figure 1(d). 

It is worth noting here that, as the lattice rotates as a result 
of the formation of the dislocation walls and kink boundaries, 
the maximum shear stresses increase, leading to an accelera- 
tion of the formation of these walls and, potentially, to local 
geometrical softening.'281 

Since the buckling and kinking occurs while maintaining 
the mechanical integrity of the grain,* then, perforce, the 

*As opposed to the total delamination. along the entire length of a 
uniaxially reinforced composite with weak interfaces loaded parallel to 
the lamella. 

ends of the buckled volume (labeled A in Figure 9(c)) must 
shear toward the center of that grain. Here again, the shear 
occurs via dislocation arrays that form in the buckled region 
prior to the formation of the kink boundaries. 

D. Buckling and Delamination Cracks 

From a purely geometrical perspective (since only basal 
slip is available), the buckling or kink-band formation cannot 
occur in Ti3SiC2 without the formation of delamination 
cracks (Figures 9(c) and (d)). The thickness of the delami- 
nated lamellae (i.e., W) will depend on their radius of curva- 
ture (/?), which, in turn, depends on the size of the cavity 
or void into which the material can buckle. The smaller the 
cavity, the higher the stresses needed to buckle and the 
thinner the lamella that are generated. Furthermore, thick 
lamellae form first; as the stress is increased, however, they 
sequentially delaminate at W/2, W/4, etc. One mechanism 
by which this can occur is shown in Figure 9(d). Upon 
further deformation, the two kink boundaries at locations C 
and D, in which the dislocations have the same sign, collapse 
into one, labeled G-H in Figure 9(d). Their delamination 
cracks merge and result in the larger delamination shown. 

Since only a finite density of dislocations can be accom- 
modated at any kink boundary before tensile stresses at the 
core of these dislocations exceed the rupture stress of the 
material, it is not surprising that delaminations initiate at 
these boundaries. This is shown in Figure 9(d), where, as a 
result of further bending, the original kink boundary splits 
into two roughly equal length shorter kink boundaries, 
labeled G and H. Energetically, the most probable and likely 
location for the initiation of the delamination cracks has to 
be at the intersection of an array and a kink boundary. This 
is why the central array (dotted line in region w in Figure 
9(c)) is absent in Figure 9(d). Needless to say, the formation 
of a free surface at an array annihilates the defects in that 
array and eliminates the accompanying strain energy. Here 
again, shear of one lamella relative to the other has to occur 
via the dislocation arrays that are present in all lamellae. It 
is believed that a repetition of this mechanism results in 
thinner and thinner lamellae with sharper and sharper radii 
of curvatures. 

E. Damage Containment 

Not only are the delamination cracks intimately related 
to the formation of kink bands, but, as importantly, they are 
contained within these bands. Thus, for example, the small 
delamination cracks shown in Figure 9(d) are contained 
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Fig. 8—(a) Bright-field image of a kink band with a high misorientation angle ("stove pipe") containing delamination cracks. Separate dislocation walls, 
which are generally normal to the basal planes, but are inclined to the kink boundaries, are denoted by V. (£>) Delamination crack at a divided low-angle 
(~16 deg) kink boundary shown by arrows, (c) Secondary delamination. Sliver S delaminates in cavity produced by delamination at kink boundary L 
forming obtuse angles P and Q. (d) Kink band containing crack along the kink boundary (denoted by R) in addition to delamination cracks. 

between the kink boundaries B and F. This containment 
occurs regardless of how far the delamination cracks are 
from the edge of the specimen and, thus, cannot be attributed 
wholly to the reduction of the stress intensity at the crack 
tip due to changing geometry. The main reason is more 
fundamental: for the delaminations to extend beyond the 
kink bands requires that the kink boundary be moved ahead 
of the crack tip. This is energetically very costly and, thus, 
leads to a localized toughening of the material. As discussed 
subsequently, it this fundamental mechanism that is critical 
to endowing these layered carbides and nitrides with their 
damage-localization properties. 

Finally, it should be pointed out that the model proposed 
here is just one of many possible scenarios. The local stress 
states are quite complicated, and the stochastic nature of 
where a kink band will form further complicates the problem. 

These qualifications notwithstanding, we believe that our 
model contains the fundamental elements of deformation 
under compression in these materials. These elements are 
shear deformation by arrays, cavitation, buckling, the forma- 
tion of dislocation walls and kink boundaries, delaminations, 
and localization of damage. 

V.   DISCUSSION 

Based on the foregoing results, there is little doubt that all 
deformation modes observed in Ti3SiC2 at room temperature, 
namely, shearing, kinking, buckling, and delamination, can 
be explained by the generation and conservative motion of 
perfect dislocations along the basal planes in either arrays 
or walls. This conclusion is in accord with our preliminary 
results, which did not reveal dislocation intersections (apart 
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Fjo 9—Proposed model (a) Initial state showing two grains S and P subjected to a vertical load. The gray area of width W is a portion of gram P that 
ultim-itelv delaminates (/>) Initial deformation occurs by the formation of dislocation arrays (dashed vertical lines) and dislocation walls (short horizontal 
lines)' Areas of maximum shear are assumed to be at X and Y. (c) The locations of maximum shear become the centers of two oppositely oriented kink 
bands BC and DF id) Further deformation forces the kink boundaries C and D to merge into the split into G and H. Note that even if the delamination 
cracks down the center of the gray area merge, they are still contained within the region bounded by B and R Also note the disappearance of the dislocation array. 

from the intersection of the arrays and dislocations walls 
discussed herein) or cross-slip. As noted in the Introduction, 
the absence of dislocations other than basal is not surprising, 
because of their much larger Burgers vectors. 

In this section, evidence is presented for each element of 
our model. The following subsections correspond to those 
advanced in the previous section. 

A. Arrays and Deformation by Shear 

The arrays provide deformation by shear. In agreement 
with our previous results, the dislocation arrays propagate 
across the entire field of view of the transmission electron 
microscope and, thus, are presumed to propagate across the 
entire grain. (It is worth noting here that the grains in this 
material are quite large. =1 to 3 mm.) The uneven distribu- 
tion of these dislocation arrays within the grains, together 
with the fact that the dislocations are arranged in arrays in 
the first place, strongly suggests that it is easier to move 
dislocations than to nucleate them. Their most likely source 
is, thus, the specimen surface or grain boundaries. The results 
also indicate that stacking faults and twins play a very small 
role, if any. in the deformation processes; none are observed. 

The fact that the arrays propagate continuously through 
the kink bands and into the adjacent matrices (e.g., Figures 
6(a) and 7(a)) strongly suggests that they are formed first. 
Had they formed after the kink boundaries, they would have 
had to terminate at these boundaries. Even at the highest 
magnifications, the arrays appear continuous on either side 
of the kink boundaries. 

B. Cavitation 

Ti3SiC2 possesses less than five independent slip systems 
and it is, thus, not surprising that deformation results in 

the formation of numerous cavities and voids. Cavitation is 
observed in SEM for the deformed cubes used in this study. 
Such cavitation is also observed in polycrystalline samples 
deformed at temperatures greater than 1200 °C.130! 

C. Kink-Band Formation 

Once cavitation occurs, thin lamellae of grains adjacent 
to the cavities will tend to relax into the latter. The relaxation 
is initially elastic, but is followed by two forms of plastic 
deformation. The first is the formation of dislocation arrays 
such as the ones shown in Figure 3 and depicted schemati- 
cally in Figure 9(b). What characterizes these arrays is that 
they are not associated with dislocation walls or kink bound- 
aries. However, based on the density of arrays observed, the 
misorientation they can impart is conservatively calculated 
to be =5 deg (Appendix A), a value significantly lower than 
that observed. 

The second mechanism entails the generation of multiple 
dislocation walls from a given source. These types of disloca- 
tions are best exemplified by the dislocation walls shown 
in Figure 6. These micrographs are instructive in that they 
clearly show individual dislocation walls, the corresponding 
lattice rotation, and the presence of the arrays that allow 
these lamellae to shear with respect to each other. Further- 
more, based on these micrographs, it is also not unreasonable 
to assume that these walls are produced sequentially from 
a single source. That is not always the case: for example, 
the two oppositely tilted kink bands shown in Figure 7 cannot 
be due to a single source. 

According to Hess and Barrett,1231 a kink boundary forms 
by the collapse of a number of walls into a thin region. 
Figure 5 shows that indeed to be the case; at higher magnifi- 
cations, the dislocation walls, constituting what appears to 
be a kink boundary at lower magnifications, are clearly 
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discernable. This is true only for low misorientations; at 
high misorientation angles, the details of the kink boundaries 
are not resolvable. Further evidence that the mechanism 
suggested by Hess and Barrett is operative is shown in 
Figures 7(a) and 8(a), where the classic stovepipe shape 
anticipated from the model (e.g., Figure 1(c)) is clearly 
apparent. 

One implication, not explicitly stated in the original mod- 
ejs[23.26] t,ut cieariy shown in their schematics, is that V- 
shaped regions (shaded areas in Figure 1(h)) should form 
in the vicinity of the kink boundaries. Such features are 
quite common in Ti3SiC2. Typical examples are shown in 
Figure 8(a) and labeled with the letter V. 

The exact mechanism for the formation of the dislocation 
walls is unknown at this time, but none of the evidence 
presented in this article refutes the Frank and Stroh model.'26' 
According to them, the minimum value of lattice rotation 
that will allow the dislocation wall to grow is about 3 deg 
for metals.'261 This value agrees well with the measured 
misorientation of the blocks separated by single dislocation 
walls in Figures 5 and 6. Also in agreement with the model, 
half-formed dislocation walls that terminate within the crys- 
tal (e.g.. the kink labeled H in Figure 1(g)) are not observed. 

In their models. Hess and Barrett and Frank and Stroh 
assumed that the walls forming the kink boundaries are 
composed of pure edge dislocations, and the deviation from 
a pure tilt misorientation, experimentally observed in Zn 
single crystals, was ascribed to the presence of edge disloca- 
tions with two different Burgers vectors. However, no sys- 
tematic study was carried out to confirm the previous 
hypothesis. Recently, we suggested that the misorientations 
provided by a dislocation wall in Ti3SiC2, namely, a combi- 
nation of tilt around (11 00) and twist around (112 0), can 
only be explained if the wall was comprised of mixed disloca- 
tions.1291 The contrast analysis shown in'Figure 4 supports 
this assumption, since it shows that, in addition to the pure 
edge dislocations that do disappear in g — 33 00, the wall 
contains dislocations that do not (compare Figures 4(b) and 
(c)). The latter must, therefore, be mixed dislocations. A 
complete analysis of the dislocation structure of a low-angle 
kink boundary observed in high-resolution TEM is given 
elsewhere.'291 

D. Buckling and Delamination Cracks 

Once the local constraints around the grains relax, kinking 
and delaminations are possible. If for no other reasons than 
geometrical, the former is not possible without the latter.* 

This is only true for unconstrained deformations. Highly constrained 
rocks, for example, form a variety of kink bands without delaminations.'71 

The formation of any kink boundary of more than a few 
degrees must be accompanied by delamination* The latter, 

*Delaminations of the type described in this work are not observed in 
metals: this phenomenon is unique to the layered ternary carbides and 
nitrides discussed here. 

in turn requires that the various lamellae shear relative to 
each other and relative to the unbuckled matrix (Figures 
9(c) and (d)). This shear must be accommodated by the 
dislocation arrays. 

Hess and Barrett suggested, and our results indirectly 
confirm, that elastic buckling plays an important role in the 

Fig. 10—SEM micrograph of nested and defoliated lamella. These features 
were created by scribing the sample surface with a sharp metal blade. 

formation of kink boundaries. The most compelling evidence 
for this hypothesis is the universal observation that, at all 
magnifications and for all lamellae, the ratio of their thick- 
ness to their radii of curvature is more or less a constant 
and of the same order of magnitude. In other words, delamin- 
ations occur when the elastic strains reach a certain threshold. 
For example, the lamellae that form at the corners of cubes 
compression loaded parallel to the basal planes in coarse 
grained-oriented samples are «10- to 40-/im thick; their 
corresponding radii of curvature are 40 to 60 /mi.'5' Con- 
versely, some of the lamellar thicknesses observed in this 
work are in the range from 0.2 to 4.3 /im; the corresponding 
radii of curvature are 0.5 to 15 fim. 

Further evidence for the importance of buckling is shown 
in Figure 7. The simplest explanation for the formation of 
the two oppositely oriented kink bands shown is that, at 
some time during the deformation process, the lamella was 
subjected to buckling stresses (e.g., Figures 1(a) and (b)). 
Indeed, it is difficult to propose a model for the formation 
of the features shown in Figure 7, without invoking some 
sort of buckling mode. 

Another important observation relates to the sequence by 
which the lamellae form. In any given region, where thick 
lamellae are present, thin ones are not observed, but not vice 
versa. In other words, the thick lamellae form first. With 
increasing stresses, the lamellae progressively split near their 
midpoints to form thinner lamellae, with sharper radii of 
curvature. This progressive delamination at W/2, W/4, W/S 
etc., is apparent in all the micrographs in which kink bound- 
aries are observed. Two typical examples are shown in Fig- 
ures 8(a) and (d), where the delamination cracks are not 
randomly distributed, but, rather, occur at specific locations, 
the most severe being at the midpoint of the thickness. It is 
only by invoking such a sequence of events that the con- 
stancy of the WIR ratio is most readily explainable. 

The feature depicted schematically in Figure 9(d), where 
sharp lamellae appear to have defoliated from the bulk and 
are nested one in another, is one that has been observed 
many times in SEM micrographs of deformed samples. A 
typical example is shown in Figure 10. Based on the preced- 
ing discussion, we propose the following mechanism for 
their formation. As the segment BCDF (Figure 9(c)) is sub- 
jected to further loading, the kink boundaries C and D, in 
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which the dislocations have the same sign, merge to form 
the split boundary G-H (Figure 9(d)). 

According to the elasticity theory, bending of laminates 
results in tensile stresses normal to the plane being bent. 
Since these stresses, which in this work are normal to the 
basal planes, are at a maximum midway through the thick- 
ness, i.e., at W/2, it is not surprising that this plane is the 
first plane to delaminate. 

The driving force for the nucleation of such cracks must 
be supplied by the large local elastic strains generated by 
the intersection of high misorientation kink boundaries and 
dense arrays. The primary evidence for this conjecture is 
the fact that the vast majority of delaminations occur near 
intersections of kink boundaries and dense dislocation 
arrays. 

Figure 8(c) provides direct evidence that kink bands and 
delaminations form in areas of compressive stresses. The 
small kink band (S), shown in the center of Figure 8(c), 
buckles outward, as a result of compressive stresses. The 
buckling clearly occurs into a preexisting cavity that is 
formed as a result of the delamination of the larger kink 
band (L) that contains the smaller one. This micrograph is 
important for another reason. The two partial kink bound- 
aries at P and Q (Figure 8(c)) have the same orientation as 
L. The easiest interpretation for how this may occur is to 
assume that the kink boundary splits in two, creating P and 
Q. If that were the only process occurring, however, the sum 
of the misorientation angles at P and Q should add up to 
that at L. From the micrograph, it is obvious that is not the 
case. Thus, one must assume that, in addition to splitting, 
some further kink-band formation was initiated upon form- 
ing S. The delamination cracks formed by this mechanism 
are by their very nature more symmetrical vis-ä-vis the kirik 
boundaries than the ones discussed in the next section. 

E. Damage Containment 

One of the more intriguing questions concerning the 
mechanical properties of Ti3SiC2 and related materials is 
their ability to contain damage under compression loading. 
At face value, this is a surprising result for a layered material 
that is so clearly prone to delamination and that lacks five 
independent slip systems. Based on the results of this study, 
the paradox can be partially resolved when it is appreciated 
that kink boundaries are extremely effective in containing 
the damage to the volume between them. 

A perusal of the delamination cracks in Figures 7 and 8 
quickly establishes that, with the exception of the types of 
delaminations discussed in the previous section (i.e., the 
splitting of a boundary wall into two), the higher the misori- 
entation across a kink boundary, the less these cracks extend 
outside the corresponding kink band. In other words, a corre- 
lation exists between the asymmetry of the delamination 
cracks and the degree of misorientation. For example, the 
delamination crack associated with the low-angle kink 
boundary shown in Figure 8(b) is about 1.8 pm and extends 
slightly more to the left than to the right (the main reason 
being that extension to the left entails a shift of the disloca- 
tion wall in that direction). Contrast analysis and tilting 
shows that the dislocation walls labeled by arrows in Figure 
8(b) are two parts of the same kink boundary. Conversely, 
the two cracks associated with the high misorientation kink 
boundaries shown in Figure 8(d) are very asymmetric; they 

hardly extend outside the kink band shown, but appear to 
propagate readily toward the center of that band. The same 
is true in Figure 8(a). In both cases, the kink boundaries 
contain a higher density of dislocations and are, thus, more 
difficult to dislodge. 

The overall spatial relationships between the delamination 
cracks and the dislocation walls shown in Figure 8(b) are 
almost identical to the ones proposed by Stroh'271 and shown 
schematically in Figure 2(c). Stroh showed that, if for some 
reason a dislocation wall is forced to divide as a result of 
a shear, the magnitude of the stress between the ends can 
be high enough to open a crack of limited length propagating 
normal to the wall. In other words, a mechanism exists for 
crack nucleation. 

It thus appears that delamination cracks are created by, 
but then contained within, the kink boundaries. These dislo- 
cation walls or kink boundaries provide an intrinsic and 
local toughening mechanism, a mechanism that is unique to 
Ti3SiC2 and related ternaries. It means that, at some point 
during the delamination process, elastic energy is consumed 
on plastic deformation rather than on further opening of the 
crack. This conclusion is believed to be vital in endowing 
Ti3SiC2 with its damage localization properties. 

As noted previously, cavitation is a necessary condition 
for deformation because it removes the constraints on the 
grains and allows for buckling and kink-band formation, 
thus promoting deformation. The stresses required to deform 
constrained samples are at least an order of magnitude higher 
than those of unconstrained samples. For example, the 
stresses at which aligned grains loaded parallel to the basal 
planes buckle is on the order of 200 to 300 MPa,[5] whereas 
the "yield" point under a Hertzian indentation—where the 
deformation is constrained by the surrounding matrix—is 
roughly an order of magnitude higher.1311 

Finally as in all materials, a competition exists between 
failure by shear or rupture. This balance appears to be biased 
toward rupture for randomly oriented polycrystalline sam- 
ples of Ti3SiC2 loaded in compression or flexure at room 
temperature and is the main reason why the latter fail in a 
brittle manner.15301 At higher temperatures and/or for highly 
oriented microstructures at room temperature, the balance 
tips toward shear and kink-band formation. This conclusion 
would partially explain why the deformation mode of ran- 
domly oriented polycrystals above 1200 °C is quasi- 
plastic.1301 

VI.   SUMMARY AND CONCLUSIONS 

The TEM observations of room-temperature-deformed, 
macrograined samples of Ti3SiC2 conclusively show that the 
deformation of individual grains in Ti3SiC2 can be explained 
by the generation and conservative motion of perfect basal 
dislocations in either arrays or walls. The arrays are parallel 
to the basal planes and, for the most part, extend across 
entire grains and provide the mechanism by which the grains 
or parts of grains (i.e., lamellae) shear relative to each other. 
Dislocation walls accommodate the buckling and kinking 
of lamellae that form parallel to the basal planes. The accu- 
mulation, and sometimes eventual collapse, of dislocation 
walls into a narrow region creates the kink boundaries. A 
dislocation-based model that builds on ideas first proposed 
by Hess and Barrett and Frank and Stroh is presented that 
explains many of the microstructural features observed at 
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the TEM and SEM levels. The basic elements of the model 
are shear deformation by dislocation arrays, cavitation, the 
creation of dislocation walls and kink boundaries, buckling, 
and delamination. The delaminations are not random, but 
successively bisect the delaminating sections. The delamina- 
tions and associated damage are bound by the kink bound- 
aries. This containment of damage is believed to play a 
major role in these layered ternary compounds in their 
damage-tolerant properties. 
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APPENDIX A 

The relationship between the radius of curvature (r) that 
can be provided by arrays of edge dislocations with a Burgers 
vector b. spaced a distance of x apart, within arrays that are 
spaced a distance of d apart, is[32] 

r = (x-d)fb [Al] 

From Figure 6. taking, conservatively, b «= 0.3 nmp", d «= 
100 nm, and .v = 20 nm, one obtains r « 7 ' /i. 

The corresponding angle of rotation (Ü), provided by a 
bent lamella of length /, is 

Cl = llr 

Once again from Figure 6, conservatively, the length of the 
lamella 5: is =0.5 fim. The misorientation angle is «0.07 
rad. or 4"deg. According to SAD (Fig. 6 (b)), the actual 
angle is closer to 50 deg. Hence, dislocation arrays cannot 
be a major contributor to lattice rotation in the bent 
regions observed. 
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